Three independent measurements have been used to investigate combustion within a single cylinder fourstroke research engine operating at low load.
Heat transfer is determined using platinum thin film resistance thermometers exposed to the combustion gases. These give a frequency response of greater than 100kHz; hence can track heat transfer rate changes on the piston and cylinder head surfaces adequately. The thin film gauges overcome the problems of low bandwidths and large uncertainties associated with thermocouples.
FIBRE OPTIC INSTRUMENTATION -Combustion is a highly complex process where the mechanism of fuel oxidation causes many different chemical species to emit light on specific spectral lines; therefore, from a measured emission spectrum it is possible to infer the chemical species present. Measurements of the spectral content (300 to 850 nm) of the light intensities within the combustion chamber are presented.
HIGH SPEED VIDEO -A high frame-rate colour video camera is used to record a series of images of the firing cycle with a high spatial and temporal resolution through a cylinder head modified for optical access. The video data powerfully illustrates the complex and variable nature of the combustion process.
The three techniques form part of a Data Fusion study researching the application of data processing techniques in complex multidimensional areas such as combustion.
INTRODUCTION
Difficulty in understanding and measuring the combustion process is partly due to the short duration of the flame. In a typical internal combustion engine, combustion is over in less than 4 ms. The flame-front is multi-spectral, in terms o f emitted radiation, threedimensional and highly turbulent. In order to make a worthwhile measurement of the burning process, each of these parameters must be taken into account. Add into this variation in pressure, mixing of fuel and air, combustion chamber geometry, engine speed and loading; the problem becomes highly complex. This paper discusses how three independent measurements have been used to map engine performance.
Heat transfer calculations within internal combustion engines have become increasingly important with the drive towards higher efficiencies and cleaner exhaust emissions. Although internal combustion engines have been studied for many years combustion chamber temperature and heat transfer rates have been investigated to a lesser extent.
During a combustion cycle the peak gas temperature can reach levels around 2500 K. Metal components of the combustion chamber can withstand approximately 600 K for cast iron and 500 K for aluminium alloys (Lim, 1998) . Hence, cooling of the cylinder head, block and piston is required. Heat flux levels experienced in a combustion chamber vary both spatially and periodically and reach levels as high as several MW/m 2 . Indeed this can lead to local regions with high thermal stresses resulting in cracking of the components. Furthermore, lubrication of the cylinder walls is achieved with a film of oil which will deteriorate above approximately 450 K.
Nearly all the reported experimental studies of in-cylinder heat transfer have been carried out with sparsely fitted fast response or eroding type thermocouples; however, even though many claim to achieve higher frequency responses, thermocouples are limited to an absolute maximum bandwidth of 10 kHz with most failing to achieve higher than 1 kHz. In addition these thermocouples are fragile, difficult to manufacture and difficult to replicate. Thin films therefore have obvious advantages, apart from their higher response rates, including being robust, highly repeatable, simple to instrument and calibrate and the ability to create densely packed arrays to look at local heat transfer rates.
Alkidas, Puzinauskas and Peterson (1990) took heat flux measurements in the combustion chamber and showed that significant spatial variation existed in the combustion chamber due to combustion non-uniformities. Myers and Alkidas (1982) showed with their measurements that the magnitude of the initial high heat flux was dependant on the gas pressure and the local burned gas. The spark timing strongly influenced the rise of heat flux and the magnitude of the peak heat flux level. Other studies showed similar results (Hoag (1986), Harigaya, et al. (1990) and Enomoto, et al. (1985) ). This paper describes the use of a new type of temperature gauge, which was developed at the Osney Laboratory at Oxford University (Jones, et al. (1988) ), to determine heat flux on gas-turbine blades operated at simulated conditions. This gauge has been applied to a spark ignition engine on the piston and the cylinder head surfaces. Application of this gauge is described and the measurements are presented and discussed.
The gauges with a frequency response of greater than 100 kHz show how the flame-front passes over the surface of a gauge and have the potential to also resolve its turbulent structure. It has also been suggested that the 'wrinkle' or surface area of the flame-front can be directly related to its burning efficiency. However, the heat flux gauges are spectrally 'blind' in that they can not discriminate between, for example, the UV (Ultra Violet) emission of OH emitted within the flame-front and the IR (Infra-Red) associated with the unburnt and partially burnt hydrocarbons occurring later in combustion.
An attempt has been made to resolve the spectroscopic ambiguity by the use of a series of fibre optic based detectors mounted in the cylinder head. The fibres directly view the flame as it passes over the direct heat flux gauges mounted on the piston surface.
EXPERIMENTAL FACILITY AND INSTRUMENTATION
ENGINE CONFIGURATION -The engine used for this investigation is a single cylinder four stoke Briggs and Stratton, model 92232, type 1245E1. For research purposes a single cylinder engine has certain advantages over multi-cylinder engines: inter-cylinder variation can be avoided, fitting instrumentation is easier and fuel has to be controlled for only one cylinder. The cylinder bore of the test engine is 65 mm with a stroke of 44 mm and a compression ratio of 6:1. The engine has a displacement of 146 cm 3 . The main bearings are oil lubricated and the engine is air cooled. The manufacturers supplied magneto ignition system was used to provide the ignition spark. The spark discharge was not found to interfere with the measurements. The thin film gauges were applied to both the piston surface and the cylinder head as shown in figures 1a and 1b. For the piston, the wires were passed through a hole drilled through the piston crown, passed along the skirt, bonded along the conrod, before hanging freely and passing through the sump housing, as illustrated in Figure 2 . It was decided to evaluate this method of wire routing before attempting to use a slip ring to avoid the introduction of noise; however, this route proved robust enough to enable sufficient measurements to be recorded. For the cylinder head, the wires were passed through holes drilled in the head. The engine speed and crank position was measured using a once per rev and a 360 per rev optical shaft encoder. The engine was operated up to a speed of approximately 3500 revolutions per minute (RPM). Tests were carried out with an initial motored period and then a fired period. During the motored period the fuel was not allowed to enter the piston chamber, after some cycles of motoring, fuel was initiated and the fired run took place. The ignition system was operational for both the motored and fired period INSTRUMENTATION -Instrumentation naturally falls into two categories, the thin film gauges yielding surface temperature and the optical measurements.
Thin Film Gauges -For the heat transfer determination, thin film gauges developed for transient measurements on gas turbine blades (Jones, 1993) were used. Thin film sensors have been used on turbine blades at simulated temperatures for around two decades, for transient heat transfer determination. A further development of these gauges has been reported more recently by Piccini et al. (2000) .
The Heat flux across an insulating layer was determined by measuring the top surface temperature (T 1 ) of the thin film gauge and the metal temperature below using a thermocouple (T 2 ). The thin film gauges are platinum temperature sensors with the following physical dimensions, thickness 0.04 µm, length 2 mm, and width 100 µm, Figure 3 . The platinum is sputtered onto a flexible 50µm thermally insulating layer o f Polyimide (Upilex-s). Several thermocouples were embedded below the gauge as close as possible to the metal surface, however owing to the high thermal conductivity of the aluminium it was found that only one thermocouple was required to provide an accurate measurement of the metal temperature. The thin film gauge was adhesively bonded to the test model using a glue layer of 20 µm thickness on top of the thermocouples; this glue layer and the upilex can be treated as one homogeneous layer due to the very similar thermal properties. The thermal properties of the gauge and the ratio of the thickness over the thermal conductivity of the insulating layer are calibrated, Piccini et al. (2000) .
The thin film gauges are used to evaluate surface temperature change by supplying a constant current and monitoring the voltage change with the change of resistance with time. A gauge calibration of temperatureresistance gives the temperature history.
The thin film gauges can measure the surface temperature to an accuracy of ±1K (Piccini et al, 2000) , however due to errors introduced when processing, such as digitisation errors and processing assumptions, the heat transfer rate is calculated to an accuracy of ± 5% (Oldfield, Jones, 1978 and Oldfield, 2000) . A standard Kistler sparkplug with an integral pressure transducer was fitted to the engine, Figure 3 .
Optical Instrumentation -In order to image the complete area of the combustion chamber, a transparent cylinder head was manufactured from Perspex, Figure 6 . Although Perspex is a thermoplastic material, the temperatures and periods of time for which the transparent cylinder head was used proved sufficiently low to prevent permanent damage. The combustion chamber geometry of this head was machined to match the original one. The spark plug thread was reinforced with epoxy resin to prevent melting. A Kistler spark plug was used without the fitted pressure transducer. A high frame-rate video camera (NAC, HSV 500) was used to record a video sequence of the firing cycle with a high spatial and temporal resolution. The camera was positioned vertically, looking into the combustion chamber through the transparent cylinder head, Figure 7 .
Markings on the flywheel allowed determination of crank angle to within ± 1.5°. A frame rate of 500 frames/second (1 frame every 2 ms), shutter speed of 1/1000s and a gain of 12 dB was used. To spectrally investigate the light in the flame front, the engine was modified to allow optical access at 5 predetermined positions in a separate Aluminium cylinder head. This is illustrated in Figure 8 . The 5 chosen positions enable investigations of flame speed and flame structure to be investigated optically, however for the purpose of this investigation only one position (2 nd from sparkplug) was utilised.
Light from this position passes along an optical fibre, through an Optometrics diffraction grating monochromator, into a Dantec photo-multiplier tube (PMT). The tube was supplied with between 1.7 and 1.9kV from a Thorn EMI power supply depending on the light intensity available within the combustion zone. The PMT used is a mesh type; this is advantageous over other designs for its magnetic field immunity, good uniformity and high pulse linearity.
The monochromator enabled the selection of any wavelength from below 300 nm to over 850 nm. By varying the slit size it is possible to define the width of the cut-off. Studies were performed that identified the wavelengths with significant spectral emission. RECORDING SYSTEMS -When recording temperature, signals from the thin film gauges, thermocouples, pressure transducer and shaft encoder were recorded on a Data Translation, 8 channel, analogue t o digital converter with each channel sampled at either 100 or 250 kHz and recorded with up to 1,500,000 samples per channel. In addition, a 50 kHz anti-alias filter was employed.
The output from the PMT fed into the same data acquisition unit. For the optical measurements the A2D triggered externally from a shaft encoder, recording 2400 samples for each engine revolution, this corresponds to 1 sample every 0.15° crank angle. A known frequency was also sampled simultaneously to permit engine speed calculations.
Images from the high-frame rate camera are recorded immediately to a specially coded sVHS videotape. This was later replayed at a much slower frame rate and captured onto a PC through a standard video capture and editing package.
DATA PROCESSING FOR HEAT TRANSFER RATE
The recorded voltage from the thin film gauges is first processed to temperature using the temperature resistance calibration. For the evaluation of heat transfer rate the one-dimensional unsteady heat conduction equation has been applied. A single layer model was employed to calculate the heat transfer rate from the surface temperature histories on top and bottom of the plastic layer. For a full description of the processing method see Oldfield et al. (1978) , Oldfield (2000) .
RESULTS AND DISCUSSION
THIN FILM MEASUREMENTS -The measured surface temperature history from a thin film gauge and a thermocouple from the piston crown are show in Figure  9 . The data have been taken with the engine motored at 1500 rpm initially and then fired causing it to reach a given speed. The peak surface temperature during the motored run is about 10 K above the ambient temperature and rises to just over 120 K above ambient once the engine is fired. The surface temperature is lower f or the initial two revs as the engine speed increases, and then settles at around 100 K above ambient; however, some fluctuations from cycle to cycle are still noted. The reasons for the initial few cycles having a lower peak temperature are due to the engine being at a lower speed. Notably the minimum cycle temperature is almost constant later in the run at around 40 K. The thermocouple mounted in the piston below the thin film gauge shows a slow rise of a few degrees as the piston metal temperature rises. Thin film gauges from the cylinder head showed similar data for surface temperature. . Notably the peaks coincide with the once per rev signal for every other cycle of the piston as one would expect on the firing stroke. However, a closer look at the data (figures 11 & 12) shows that the peak heat transfer rate occurs shortly after the TDC position. The peak heat transfer level varies significantly from cycle to cycle, whereas the minimum level is about the same. The lower level of heat transfer shows negative values, this is because the ambient air drawn in is at a lower temperature than the piston surface. Figure 11 shows the data for one cycle from the piston surface plotted against crank angle. This shows a very sharp rise in heat transfer shortly after the TDC position, a sharp fall before a small increase, then a further gradual decrease. Beyond about 200° crank angle, after the piston has reached BDC, a further reduction in heat transfer rate is seen; this is due to the exhaust valve opening as the piston moves towards the TDC position again. Beyond 360° crank angle (TDC prior to intake), as the piston starts to move down, the inlet valve opens drawing in ambient temperature air; this causes a further reduction in temperature as the piston surface is cooled. Then to start the cycle again the heat transfer rate starts to rise as the compression begins. For the Cylinder head gauges, the heat transfer rate traces are shown superimposed on one plot in Figure 12 with scaled cylinder pressure. Each plot is also given individually in figures 13 to 16. The combustion chamber pressure was measured simultaneously with the heat transfer data. In this case the gauges above the piston area show different features than the gauges near the inlet and exhaust valves. The small differences in time on the sharp rise are caused by the different spatial positions of the gauges and the arrival of the flame front. The inlet and exhaust gauges are the closest to the spark plug which causes them to rise first, gauges in the piston region are the furthest and hence see a delayed rise. For the two gauges above the piston area a small rise in heat transfer is seen as the piston is moving towards the BDC position after firing. After 180º crank angle when the exhaust valve opens and the piston moves towards TDC the two gauges near the valves show a rise in heat transfer, with the exhaust gauges showing the largest value. A further reduction in heat transfer level is noted after 360º crank angle which is due to the inlet valve opening to allow ambient air for the next compression cycle. Finally, an increase is seen as the compression process starts for the next cycle. The measured combustion chamber pressure shows a peak at the same point in time as the peak heat transfer as expected; however, the width of the pressure peak is much greater than that of the heat transfer data. Measured peak combustion chamber pressure ( Figure  18 ) during the motored run reached 8.5E5 Pa and during the fired part of the run around 2.2E6 Pa. Very little cycle to cycle variation in pressure was noted during the motored part of the run, whereas, the fired run showed significant cyclic variability. Figure 17 shows the heat transfer rate measured on the cylinder head for one cycle when the engine was operated at 2000 RPM. Notably the pattern of heat transfer was similar to that at 3000 RPM (Figure 12) , however, the heat transfer levels are slightly reduced.
HIGH FRAME-RATE VIDEO CAMERA -At an engine speed of 2000 RPM and a frame-rate of 500 fps, it is possible to record one frame every 24° crank angle. This allows the capture of 5 frames of the flame, sufficient to give an idea of flame propagation dynamics, Figure 19 . From study of the many high-speed camera images, the highly variable and turbulent nature of the combustion process quickly becomes apparent. The images are useful when attempting to interpret the results from the thin film gauges and other measurements. It is obvious that following the 'blue' flame front, there is a 'red' burning zone.
SPECTRAL MEASUREMENTS -The large cyclic variability of the engine again quickly becomes apparent when looking at the measurements made with the monochromator and PMT. Various studies looking at the mean light intensities and the Standard deviations from the mean at each wavelength were performed and ongoing research is looking at ways to quantify the variability, heat release and efficiency within an engine. For comparison, consecutive engine runs making measurements of surface temperature with the thin film gauges, were made, followed by measurements of specific wavelengths known to give higher levels of output due to being associated with chemical activity within combustion. The engine speed, load, fuelling and other variables remained constant. Figure 22 shows the mean Heat transfer rate over 150 cycles. Figure 23 shows the mean intensity levels of 7 key wavelengths over 200 cycles. Similarities may be observed. 
CONCLUSION
HEAT FLUX GAUGES -Despite difficulties of instrumenting a moving component in a spark ignition engine, experimental data has been successfully obtained at several locations on the surface of a piston. Using the same instrumentation method, experimental data has also been successfully obtained at several locations on the surface of a cylinder head. The investigation has clearly demonstrated the use of thin film gauges for taking heat transfer measurements in a spark ignition engine operated at normal conditions.
The peak heat transfer levels found on the piston and cylinder head are of the order of 2.5 MW/m 2 and varied significantly from cycle to cycle. The cylinder head data has shown many structures that can be clearly identified with the combustion process and the engine cycle.
Having proved the application of thin film gauges for determining heat transfer in spark ignition internal combustion engines, further detailed measurements and analysis can now be carried out for combustion cycle and performance investigations. Furthermore, this technique can now be used as a working diagnostic tool for engine development.
OPTICAL MEASUREMENTS -The preliminary optical results, in particular the spectral measurements, show promise to being a useful engine diagnostic. Again, further detailed measurement and analysis will be carried out in various investigations. It is intended to use a tomographic probe to make measurements of the heat release within the firing cycle of the engine, in addition to further work attempting to gather the various optical and temperature measurements to create new knowledge.
FURTHER WORK -The current measurements demonstrate how a combination of complementary diagnostics can be used to gain a better understanding of the combustion process. The next stage in this work will be to perform instantaneous, simultaneous, spectral and temperature measurements within the firing cycle.
